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ABSTRACT. We used satellite telemetry to examine bowhead whale movement behavior, residence times, and dive behavior 
in the Alaskan Beaufort Sea, 2006 – 18. We explored the timing and duration of use of three subregions (western, central, 
eastern) within the Alaskan Beaufort Sea and applied a two-state switching state-space model to infer bowhead whale behavior 
state as either transiting or lingering. Transiting whales made direct movements whereas lingering whales changed direction 
frequently and were presumably feeding. In spring, whales migrated across the Alaskan Beaufort Sea in 7.17 ± 0.41 days, 
primarily off the continental shelf over deep water. During the autumn migration, whales spent over twice as much time 
crossing the Alaskan Beaufort Sea than in spring, averaging 18.66 ± 2.30 days, spending 10.05 ± 1.22 days in the western 
subregion near Point Barrow. Most whales remained on the shelf during the autumn migration and frequently dove to the 
seafloor, where they spent 45% of their time regardless of behavioral state. Consistent dive behavior in autumn suggests that 
the whales were looking for food while migrating, and the identification of lingering locations likely reflects feeding. The lack 
of lingering locations in the eastern and central subregions suggests that prey densities are rarely sufficient to warrant whales 
pausing their migration for multiple days, unlike in the western subregion near Point Barrow, where bowhead whales regularly 
lingered for long periods of time.
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RÉSUMÉ. À l’aide de la télémétrie satellitaire, nous avons examiné les comportements de déplacement des baleines boréales, 
leurs temps de séjour et leurs comportements de plongée dans les eaux alaskiennes de la mer de Beaufort entre 2006 et 2018. 
Nous avons exploré le moment et la durée d’utilisation de trois sous-régions (ouest, centre et est) des eaux alaskiennes de la 
mer de Beaufort et appliqué un modèle à changement binaire espace-état afin de déduire l’état du comportement des baleines 
boréales comme étant soit en mode transit, soit en mode flânerie. Les baleines en mode transit se déplaçaient de manière 
directe, tandis que celles en mode flânerie changeaient souvent de direction et étaient probablement en train de se nourrir. 
Au printemps, les baleines migraient dans les eaux alaskiennes de la mer de Beaufort en 7,17 ± 0,41 jours, principalement au 
large du plateau continental, dans les profondeurs. Durant la migration automnale, les baleines passaient plus de deux fois 
plus de temps à traverser les eaux alaskiennes de la mer de Beaufort qu’au printemps, en moyenne 18,66 ± 2,30 jours, passant 
10,05 ± 1,22 jours dans la sous-région de l’ouest, près de Point Barrow. Pendant la migration automnale, la plupart des baleines 
restaient dans le plateau continental et plongeaient souvent jusqu’au plancher océanique, où elles passaient 45 % de leur temps, 
peu importe leur état de comportement. À l’automne, le comportement de plongée régulier suggère que les baleines étaient à 
la recherche de nourriture pendant leur migration, et les lieux où elles flânaient étaient vraisemblablement indicateurs d’un 
mode d’alimentation. L’absence de lieux de flânerie dans les sous-régions de l’est et du centre suggère que la densité des proies 
est rarement suffisante pour que les baleines justifient d’interrompre leur migration pendant plusieurs jours, contrairement à 
la sous-région de l’ouest, près de Point Barrow, où les baleines boréales flânaient régulièrement pendant de longues périodes.
Mots clés : baleine boréale; Alaska; mer de Beaufort; télémétrie satellitaire; comportement de plongée; alimentation; Arctique 
de l’Ouest; migration
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INTRODUCTION
Bowhead whales (Balaena mysticetus) of the Bering-
Chukchi-Beaufort (BCB) stock, also known as the 
Western Arctic stock, make seasonal migrations between 
wintering grounds in the Bering Sea and primary summer 
feeding grounds in the Canadian Beaufort Sea (Moore 
and Reeves, 1993; Citta et al., 2012, 2015; Harwood et 
al., 2017). In doing so, bowhead whales typically migrate 
through the Alaskan Beaufort Sea twice per year, 
eastward in spring (April – May) and westward in autumn 
(August – November) (Fig. 1). The Alaskan Beaufort Sea 
is an important whaling ground for three Alaskan Native 
communities (Stoker and Krupnik, 1993), and many entities 
have long-standing concerns that oil and gas exploration 
and extraction activities may negatively affect bowhead 
whales and whale hunting success by the communities that 
depend on them for subsistence (Braund and Kruse, 2009; 
Reeves et al., 2014). Of primary concern to Native whalers 
is that these activities may deflect bowhead whales away 
from important feeding areas and farther offshore where 
they cannot be harvested (Natural Resource Council, 2003). 
A recent study, however, suggested that bowhead whales 
remain in areas of seismic operations and other activities 
if they are feeding, but alter their surfacing and diving 
behavior in response to disturbance (Robertson et al., 2016). 
North Slope whale hunters note that disturbed whales with 
altered surface behavior are difficult to hunt. To mitigate 
the impact of oil and gas activities on subsistence resources, 
significant effort over the last five decades has been made to 
better understand bowhead whale movements and feeding 
behavior in the Alaskan Beaufort Sea (Smultea et al., 2012).
Studies to determine the importance of the Alaskan 
Beaufort Sea as a feeding ground for bowhead whales 
have produced somewhat conflicting results. Feeding 
behavior has been regularly observed during aerial surveys 
in autumn (Würsig et al., 2002; Clarke et al., 2018) and 
occasionally in spring (Carroll et al., 1987; Mocklin et 
al., 2012). Analyses of stomach contents of harvested 
whales suggest that bowhead whales regularly find food 
in the Alaskan Beaufort Sea (Lowry and Burns, 1980; 
Lowry, 1993; Lowry et al., 2004). A study using isotopic 
signatures concluded that the Beaufort Sea is an important 
feeding area (Hoekstra et al., 2002) while another study 
also using isotopic signatures found that feeding in the 
Beaufort Sea contributes minimally to annual bowhead 
whale diet requirements (Lee et al., 2005). Additionally, 
bowhead whales are thought to require high densities of 
prey (Lowry, 1993; Thomson, 2002) that are not known 
to occur frequently in the Alaskan Beaufort Sea (Griffiths 
and Thomson, 2002). These seemingly conflicting results, 
among other reasons, prompted Alaska Natives to support 
and participate in the satellite telemetry study upon which 
this article is based. 
During 2006 – 18, 89 bowhead whales were tagged 
with satellite transmitters in a collaborative study by the 
Alaska Department of Fish and Game, the Alaska Eskimo 
Whaling Commission, the North Slope Borough, whaling 
captains associations and partners in Canada (Department 
of Fisheries and Oceans Canada and the Tuktoyaktuk and 
Aklavik Hunters and Trappers Committees). This large, 
long-term telemetry dataset has provided new information 
on the movements, distribution, and behaviors of BCB 
bowhead whales. Tags on 67 of the 89 whales also provided 
FIG. 1. Map of the Alaskan Beaufort Sea divided into three equal subregions. Solid black lines with arrows show generalized spring and autumn migration 
routes for the Bering-Chukchi-Beaufort stock of bowhead whales. White squares on the continental shelf are oil and gas leased areas. Continental shelf waters 
are defined as waters less than 200 m deep.
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data on dive behavior. Ten tags transmitted for over 365 
days, providing information on year-round movements 
and behavior of individuals. Not all whale size (i.e., age) 
groups were equally represented in the sample, nonetheless, 
these data are useful to define bowhead whale core use 
areas throughout their range (i.e., hotspots that are likely 
feeding areas) (Citta et al., 2015). Results have also been 
used to more closely examine the relative importance and 
use of specific regions, including the Canadian Beaufort 
Sea (Harwood et al., 2017), the Chukchi Sea (Quakenbush 
et al., 2010; Citta et al., 2018), and the Bering Sea (Citta 
et al., 2012). The data further contributed to a better 
understanding of how whales alter their behavior relative to 
sea ice (Druckenmiller et al., 2018).
In this paper, we use the same 2006 – 18 telemetry dataset 
to examine movement behavior, residence times, and dive 
behavior of bowhead whales in three subregions of the 
Alaskan Beaufort Sea (Fig. 1). The western subregion, 
including Point Barrow, is a known bowhead whale feeding 
“hotspot” during the autumn migration in some years (Lowry 
and Frost, 1984; Ashjian et al., 2010; Citta et al., 2015; Clarke 
et al., 2017a). It provides a reference to compare bowhead 
whale movements and dive behavior with the central and 
eastern subregions, where their importance for feeding is less 
clear. We compare use of each subregion during the spring 
(April – May) and autumn (August – November) migratory 
periods and describe general use of the region during mid-
summer (June – July). Bowhead whales are observed near 
Utqiaġvik (formerly Barrow) in mid-summer, but it is not 
known if these whales were returning from the Canadian 
Beaufort Sea prior to the main autumn migration or if they 
were arriving from the Chukchi Sea and did not make a 
prior spring migration to the Canadian Beaufort (Braham 
et al., 1980; Harwood et al., 2017). We explored the timing 
and duration of use of each subregion and used a two-
state switching state-space model to infer bowhead whale 
behavior (transiting or lingering). We then examined dive 
data and hypothesized that areas of lingering are associated 
with feeding, which we determined by relating dive data 
to behavioral state. In addition to identifying behaviors 
associated with feeding, we also documented bowhead whale 
behavior and distribution within an area important for oil 
and gas development where active leases are located. Given 
the nutritional and cultural importance of bowhead whales 
to coastal Alaskan Native communities and the continued 
interest in offshore oil development for the region, it is 




From 2006 – 18, 89 bowhead whales from the BCB 
stock were tagged in three different regions: the Bering 
Sea (St. Lawrence Island), the Canadian Beaufort Sea 
(Tuktoyaktuk, Atkinson Point, Herschel Island, and Shingle 
Point), and the Alaskan Beaufort Sea (Point Barrow). 
Methods for tag deployment are detailed in Quakenbush et 
al. (2010) and Citta et al. (2015). 
Whales were instrumented with a single SPOT, 
SPLASH, SPLASH10 (Wildlife Computers, Redmond, 
Washington), or CTD (conductivity, temperature, depth; 
Sea Mammal Research Unit, St. Andrews, Scotland) 
satellite tag. All tags provided animal location data when a 
whale surfaced and the tag antenna was above water (tags 
provided ~14 ± 12 raw locations day-1 [mean ± SD]). SPOT 
tags only provided location data. SPLASH tags and more 
recent SPLASH10 tags also provided dive data in the form 
of histograms. Histograms summarized 6-hour periods 
by collating dives into dive bins with different depth 
or time thresholds. Time-at-depth and maximum depth 
histograms collated dives into 14 depth bins with upper 
thresholds of 2, 10, 20, 30, 40, 50, 75, 100, 150, 200, 250, 
300, 350, or depths over 350 m. Time-at-depth histograms 
recorded the proportion of a 6-hour period whales spent 
in each depth bin. Maximum depth histograms recorded 
the number of dives terminating in each depth bin. Dive 
duration histograms recorded the number of dives in 
different time bins; upper thresholds of the dive duration 
histograms were 6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 66, 
72, 78, or durations over 78 min. Because each 6-hour 
period in which dive behavior was summarized has an 
associated location estimate (see below), we linked dive 
depth to bathymetry. For histogram data, dives and times-
at-depth where the bin threshold exceeded bottom depth 
were assumed to be benthic and were used to calculate 
the benthic dive rate and time spent at or near the seafloor. 
CTD tags provide information on individual dive duration 
and depth; however, these data are not summarized over 
6-hour periods. We found that dive rate and time at depth 
estimated using CTD tag data was compromised by gaps 
in the data. Therefore, we limited analyses of whale dive 
behavior to histogram data derived from SPLASH and 
SPLASH10 tags only.
Location Processing and Behavioral State
Location data from the satellite tags are generated by the 
Argos satellite system and each location has an associated 
error that is used to assign that location to a quality class. 
Locations in classes 3, 2, or 1 have an associated error 
calculated by the Argos system, whereas error for locations 
in quality classes 0, A, or B must be estimated. Locations 
assigned to class Z are the least reliable and were removed 
from the dataset. 
To obtain 6-hour location estimates that can be 
associated with dive histograms and to determine whale 
behavioral state, we fit a hierarchical, two-state switching, 
state-space model (sSSM) to our Argos data using the R 
package ‘bsam’ to fit our sSSM in a Bayesian framework 
(Jonsen et al., 2005; Jonsen, 2016). The sSSM model is 
particularly suited to our dataset because the hierarchical 
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process allows for parameter estimates to be made across 
individuals, which improves the precision of the estimates, 
and error around Argos location estimates are modeled 
using t-distributions, which are more appropriate for Argos 
data (Jonsen, 2016). The sSSM is structured around a 
correlated random walk process, which estimates movement 
parameters for two inferred behavioral states (transiting or 
lingering) across all whales. The sSSM then applies these 
parameters to estimate individual whale locations given 
location error and to infer behavioral state at discrete time 
intervals (Jonsen et al., 2005, 2013; Jonsen, 2016). Whales 
that are transiting make direct movements and have longer 
step-lengths, whereas lingering whales change direction 
frequently and have shorter step-lengths. Using Markov 
chain Monte Carlo sampling, we estimated our posterior 
distributions using two chains with 50 000 iterations each. 
The first 10 000 iterations were discarded as the burn-in and 
posterior distributions were fit with the remaining 40 000 
iterations in each chain. We assessed model convergence 
as described in Jonsen (2016). We estimated whale location 
and behavioral state at 6-hour intervals, representing a 
timestamp within 6-hour intervals in which dive behavior 
was summarized by SPLASH or SPLASH10 tags 
(0300 – 0900, 0900 – 1500, 1500 – 2100, 2100 – 0300 AKST). 
Before running the model, whale tracks were parsed into 
separate segments when gaps of more than two days 
occurred, and segments were only retained if they included 
raw location estimates for more than 15 days. Removing 
gaps and only retaining longer segments improved model 
convergence and the overall fit of the sSSM model. Final 
location estimates were only retained if they were within 24 
hours of a raw location estimate.
Analysis
All statistical analyses were performed using R 
statistical software version 3.5.1 (R Core Team, 2018). 
Because sample sizes were generally small within years and 
inconsistent across years, we pooled the data and assigned 
year and individual within year as random effects for all 
analyses. We therefore made general inferences regarding 
bowhead whale use of the Alaskan Beaufort Sea during 
2006 – 18. 
We divided the Alaskan Beaufort Sea into three 
equidistant subregions by longitude and compared use 
by bowhead whales among them (Fig. 1). The eastern 
subregion was defined by the Alaska-Canada border on the 
east (−141˚ W) and extended to the western end of Camden 
Bay (−146˚ W). The central subregion extended from 
Camden Bay to the western end of the Colville River Delta, 
northwest of Nuiqsut (−151˚ W). The western subregion 
extended from the Colville River Delta to Point Barrow 
(−156˚ W). Each subregion was approximately 200 km 
wide. Oil and gas lease areas are present in the eastern and 
central subregions (Fig. 1). The Canadian Beaufort Sea is 
to the east of our study region and the Chukchi Sea is to the 
west. 
We first compared the number of days tagged whales 
spent in each subregion during the spring (April – May) 
and autumn (August – November) migration periods. 
Mean residence time (days) within each subregion was 
calculated from whales with tracks traversing the entire 
Alaskan Beaufort in spring (n = 16) or autumn (n = 23). We 
used the data from our sSSM to determine the number of 
6-hour periods (location estimates) for each whale within 
each subregion and used this number to calculate the 
mean number of days spent in each subregion during the 
spring and autumn migration periods. We then tested for 
differences in residence times between subregions within 
each season using a repeated-measures ANOVA (packages: 
lme4, lmerTest, functions: lmer, anova). For models that 
were significant, we used pairwise comparisons for mixed 
effect models (package: emmeans, function: emmeans) to 
determine which regions had significant differences.
We similarly used repeated measures ANOVA to 
compare both sea depth and distances from land at each 
estimated whale location between subregions and migratory 
seasons (spring and autumn) using our full dataset. Both 
sea depth and distance from land were log-transformed 
to better meet model assumptions (homoscedasticity and 
normality of residuals). For both responses, we tested for 
significant differences between subregions, season, and 
their interaction.
We then compared bowhead whale behavioral states 
between subregions and migratory season. Behavioral 
states were derived from our sSSM, which assigns each 
location estimate a behavioral state value between 0 and 1, 
representing the degree to which the whale’s movements 
indicate lingering or transiting behavior. Values between 
0 and 0.25 were considered transiting, and values between 
0.75 and 1 were considered lingering. Locations with 
behavioral state values between 0.25 and 0.75 were not 
assigned a behavior and labeled as “uncertain.” These 
locations were excluded from further analysis of behavior. 
Using dive histograms, we compared four dive summary 
statistics to behavioral state (transiting or lingering) to test 
whether behavioral state was associated with different dive 
characteristics. We limited this analysis to the continental 
shelf (waters < 200 m deep) during the autumn migration. 
We tested for differences in whale dive rate (dives hr-1), 
benthic dive rate (dives to seafloor hr-1), the proportion 
of time below 10 m, and the proportion of time near the 
seafloor. We also tested for differences in dive duration 
between the two behavioral states by comparing the 
proportion of dives that were 0 – 6 min, 6 – 12 min, 12 – 18 
min, 18 – 24 min, 24 – 30 min, or over 30 min in duration. 
We used repeated measures ANOVA to test for differences 
in each variable between the two behavioral states. We used 
a first-order autoregressive correlation structure (AR1) 
to account for temporal autocorrelation. We additionally 
compared our dive variables (dive rate, benthic dive rate, 
time below 10 m and time at the seafloor) among subregions 
using the same method described above. Dive data during 
the spring migration when bowhead whales were off the 
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shelf was summarized but differences in dive behavior 
between behavioral states were not because lingering was 
rare during this time. 
RESULTS
 
Of the 89 tagged whales, 48 whales had enough data 
for our sSSM, from which 3178 location estimates were 
generated in the Alaskan Beaufort Sea. Tagged whales 
first entered the Alaskan Beaufort Sea during the spring 
migration, migrating east from Point Barrow towards the 
Canadian Beaufort Sea. The earliest date a whale entered 
each subregion was 16 April for the western subregion, 19 
April for the central subregion, and 24 April for the eastern 
subregion (Fig. 2). In autumn, as whales migrated west 
to the Chukchi Sea, the latest date a whale was present in 
each subregion was 26 October for the eastern subregion, 
28 October in the central subregion, and 5 November for 
the western subregion (Fig. 2). In spring, individual whales 
tended to spend ~7 days traversing the Alaskan Beaufort, 
spending similar amounts of time in each subregion 
(Table 1; n = 16; F = 0.22; df = 2, 30; p = 0.80). In autumn, 
whales tended to spend ~19 days traversing the Alaskan 
Beaufort, spending twice as many days in the western 
subregion compared to the central and eastern subregions 
(n = 23; F = 8.22; df = 2, 44; p < 0.001). During the autumn 
migration, whales spent an average of ~4 days in each of 
the eastern and central subregions, but an average of ~10 
days in the western subregion (Table 1).
Sea depths (F = 386.67; df = 2, 2742.7; p < 0.001) and 
distances from land (F = 209.85; df = 2, 2744.6; p < 0.001) 
at bowhead whale locations were significantly different 
depending on migratory season and subregion. During the 
spring migration, whales were closest to land while in the 
western subregion in shelf waters ~100 m deep (Table 2). 
As whales moved eastward, they left the continental shelf, 
traveling progressively farther from land and in deeper 
water (Fig. 3a). During the spring migration, most location 
estimates (78%) were off the continental shelf in deep 
water. In contrast, during the autumn migration, most 
whales traveled on the shelf in shallow water (Fig. 3c). 
Whales were closest to land in the eastern subregion but 
remained close to land while crossing the central and 
western subregions as well (Table 2). Two whales traversed 
the Alaskan Beaufort off the continental shelf in autumn, 
but only 10% of all location estimates during the autumn 
migration occurred off the shelf. One of the whales that 
migrated off the shelf in autumn followed the ice edge, 
traversing the Alaskan Beaufort Sea far north in the Arctic 
basin at latitudes greater than 76˚ N. 
FIG. 2. Number of tagged whales per day in each region April – November. Data are pooled from all years (2006 – 18).
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During the spring migration, tagged whales rarely 
exhibited lingering behavior (Fig. 4a). Some location 
estimates were classified as lingering during the spring 
migration for the western (10%) and central (11%) 
subregions (Table 3), but they were all from 1 of 26 whales 
that were in the Alaskan Beaufort Sea in spring. Tagged 
whales did not linger in the eastern subregion during the 
spring migration. In autumn, migrating whales infrequently 
lingered in the eastern (17%) and central (8%) subregions. 
However, in autumn, nearly half of all location estimates in 
the western subregion were classified as lingering (47%, 24 
of 43 whales that were in the Alaskan Beaufort Sea) (Table 
3, Fig. 4c).
A small number of tagged whales (n = 7) spent time in 
the Alaskan Beaufort Sea during June and July (Fig. 3b), 
when most whales were farther east in the Canadian 
Beaufort. All whales present during this time arrived 
from the Canadian Beaufort, and most (n = 5) looped 
back eastward to Canadian waters after traveling varying 
distances westward. One of these whales traveled as far 
west and north as Wrangel Island, Russia, and then looped 
back to the Canadian Beaufort. Of the two whales that did 
not loop back to the Canadian Beaufort, one traversed the 
Chukchi Sea to the northern coast of Chukotka, Russia, 
and the other stopped transmitting after traveling far north 
of Wrangel Island in the Arctic basin but was heading east 
again when transmission ceased. Whales that visited the 
Alaskan Beaufort during the summer tended to stay off the 
shelf except for the one whale that left the Beaufort for the 
Chukotka Peninsula during this time (Fig. 3b). Two whales 
that engaged in lingering behavior during the summer were 
off the shelf in deep water and another whale lingered on 
the shelf near the Canadian border (Fig. 4b). One whale that 
lingered off the shelf primarily dove to depths of 10 – 75 
m when lingering, while the second whale had no dive 
data available. The whale that lingered on the shelf made 
both mid-water dives (10 – 30 m) and dives to the seafloor 
(40 – 50 m).
During autumn on the continental shelf, lingering 
and transiting whales exhibited statistically significant 
differences in their dive behavior (Fig. 5). Lingering whales 
had greater dive rates (4.35 ± 0.47 versus 3.61 ± 0.46 dives 
hr-1 (mean ± SE); F = 9.22; df = 1, 475; p = 0.002) and 
benthic dive rates (3.72 ± 0.50 versus 2.78 ± 0.50 benthic 
dives hr-1; F = 14.31; df = 1, 475; p < 0.001), but spent less 
time below 10 m (proportion of time: 0.52 ± 0.03 versus 0.62 
± 0.03; F = 14.17; df = 1, 504; p < 0.001). Despite spending 
less time below 10 m, there was no difference in time spent 
near the seafloor between lingering and transiting whales 
(proportion of time: 0.45 ± 0.07; F = 0.15; df = 1, 504; 
p = 0.69). There was no difference between subregions for 
whale dive rate (F = 0.83; df = 2, 474; p = 0.43), benthic 
rate (F = 1.87; df = 2, 474; p = 0.15), time below 10 m 
(F = 0.28; df = 2, 503; p = 0.75), or time at the seafloor (F = 0.04; 
df = 2, 503; p = 0.95). In spring, whales that were off 
the shelf did not dive to the seafloor. During the spring 
migration, average dive rate was 3.58 ± 0.31 dives hr-1, and 
whales spent most of their time below 10 m (proportion of 
time: 0.74 ± 0.04) (Fig. 5).
Differences in dive duration were subtle between 
behavioral states (Fig. 6). On the continental shelf in 
autumn, the proportion of dives 0 – 6 min long was 
equivalent for both lingering and transiting whales 
(proportion of dives: 0.40 ± 0.13; F = 0.07; df = 1, 472; 
p = 0.78). Lingering whales engaged in more dives 6 – 12 
min in length (0.17 ± 0.02) than transiting whales (0.12 
± 0.02) (F = 8.09; df = 1, 472; p = 0.004). The proportion 
of dives 12 – 18 min in length were equivalent for both 
behavioral states (0.12 ± 0.02; F = 0.002; df = 1, 472; 
p = 0.96). Transiting whales dove for 18 – 24 min (0.11 ± 
TABLE 2. Distance from land and sea depths used by bowhead whales by subregion and season. Superscript letters denote significant 
differences between subregions within seasons. 
  Western subregion Central subregion Eastern subregion
Distance (km) Spring 36.06 ± 0.001a 70.63 ± 0.001b 88.67 ± 0.001c
 Autumn 26.05 ± 0.001a 23.31 ± 0.001a 12.82 ± 0.001b
Depth (m) Spring −98.35 ± 1.21a −1078.85 ± 1.21b −1360.33 ± 1.21b
 Autumn −41.48 ± 1.19a −35.64 ± 1.20a,b −29.30 ± 1.20b
TABLE 1. Residence times (days) for bowhead whales in each equivalent size subregion during spring (n = 16, 2008 – 17) and autumn 
(n = 23, 2006 – 17) migration. Superscript letters denote significant differences between subregions within seasons.
 Western subregion Central subregion Eastern subregion Total
Spring (April – May):
 Mean days ± SE 2.42 ± 0.16a 2.42 ± 0.16a 2.32 ± 0.16a 7.17 ± 0.41
 Range 1.50, 3.25 1.75, 5.00 1.50, 4.25 4.75, 11.00
 Median (days) 2.50 2.25 2.12 6.87
 Proportion ± SE 0.34 ± 0.01 0.34 ± 0.01 0.32 ± 0.01 –
Autumn (August – November):
 Mean days ± SE 10.05 ± 1.22a 4.05 ± 1.22b 4.55 ± 1.22b 18.66 ± 2.30
 Range 1.75, 35.00 1.00, 15.50 1.25, 13.75 4.75, 47.50
 Median (days) 9.37 5.12 5.12 16.50
 Proportion ± SE 0.50 ± 0.04 0.24 ± 0.03 0.25 ± 0.02 –
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0.04) more than lingering whales (0.09 ± 0.04) (F = 9.62; 
df = 1, 472; p = 0.002). There was no difference in the 
proportion of dives that were 24 – 30 min (~0.13 ± 0.06; 
F = 0.85; df = 1, 472; p = 0.35) or over 30 min (~0.11 ± 0.08; 
F = 3.11; df = 1, 472; p = 0.08). During the spring migration, 
most dives were 0 – 6 min long (0.62 ± 0.03) (Fig. 6). 
Whales also made dives 6 – 12 min (0.13 ± 0.04) and 12 – 18 
min long (0.10 ± 0.02). Unlike dives in autumn, whales 
infrequently made dives 18 – 24 min (0.06 ± 0.01), 24 – 30 
FIG. 3. Direction of travel and estimated tracks for 48 bowhead whales that 
used the Alaskan Beaufort Sea, 2006 – 18, during spring (a), summer (b), and 
autumn (c). Colors correspond to individual whales.
FIG. 4. Locations where bowhead whales lingered (white circles) as 
determined by a two-state switching, state space model (sSSM) for spring (a), 
summer (b), and autumn (c). 
TABLE 3. Percentage of location estimates classified as lingering, transiting, or uncertain for each subregion within the spring 
(April – May) and autumn (August – November) migratory seasons.
Season Subregion % Lingering % Transiting % Uncertain Number of locations (whales)
Spring Western 10 81 8 228 (19)
 Central 11 82 7 189 (19)
 Eastern 0 96 4 173 (17)
Autumn Western 47 29 24 1423 (43)
 Central 8 78 13 373 (23)
 Eastern 17 64 18 419 (23)
min (0.04 ± 0.01), or over 30 min (0.05 ± 0.03) during the 
spring migration.
Throughout this study, 19 whales passed within 10 km 
of areas leased for oil and gas activities and had tracks, 
estimated from the sSSM that passed through them. Three 
of these whales lingered near the oil leases (Fig. 7). When 
viewing raw location data, 83 locations for 14 whales were 
within leased areas.
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DISCUSSION
Bowhead whale behavior was clearly different during 
the spring and autumn migrations through the Alaskan 
Beaufort Sea. These differences are most likely attributable 
to whales making a sustained migration eastward through 
the Alaskan Beaufort in spring and lingering to forage as 
they migrate westward through the region in autumn.
Spring Behavior
In spring, whales migrated quickly across the Alaskan 
Beaufort, traversing the entire region in ~7 days and each 
subregion in ~2 days (Table 1). Other observations of whale 
residence times in the Alaskan Beaufort during the spring 
migration are unavailable, however, prior studies often 
report observed travel rates of whales during this time. For 
bowhead whales to traverse the Alaskan Beaufort in ~7 
days would require an average travel rate of ~3  –  4 km hr-1, 
which is equivalent to an estimate of spring migration travel 
rates derived from aerial photography (4.0 km hr-1, Rugh, 
1990). Rugh and Cubbage (1980) observed whales passing 
Cape Lisburne, Alaska, at an average rate of 4.7 ± 0.6 km 
hr-1, prior to entering the Alaskan Beaufort during the spring 
migration, and Carroll and Smithhisler (1980) observed 
travel rates of 1 – 11 km hr-1 near Point Barrow. The most 
extensive data on swim speeds during spring migration were 
derived from ice-based surveys and suggest speeds of 3 – 4 
km hr-1 (Zeh et al., 1993). Combined, these studies suggest 
that bowhead whales have crossed the Alaskan Beaufort at 
similar travel rates through time, and thus had similar short 
residence times, during the spring migration. 
Most whale dives in spring were of short duration 
(< 6 min; Fig. 6). Diving while traveling in spring is likely 
because bowhead whales are primarily transiting under 
heavy pack ice during the spring migration (Braham et 
al., 1980; George et al., 1989). If pack ice extends several 
meters below the surface, traveling under ice may also 
FIG. 5. Dive variables in relation to whale behavioral state during the autumn 
migration on the continental shelf and during the spring migration in the 
Arctic basin when whales were mainly transiting. Asterisks denote significant 
differences between behavioral states during the autumn migration. Error 
bars represent the standard error.
FIG. 6. Proportion of dives by dive duration for each behavioral state during 
the spring and autumn migrations. Note that lingering during spring was too 
rare to plot.
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cause whales to spend most of their time below 10 m 
(Fig. 5). Swimming at greater depths may also be more 
efficient than swimming near the surface because of 
hydrodynamic drag (Williams, 2002). Because whales are 
mainly traveling over the basin in deep water during spring 
(Table 2; Fig. 3a), they do not dive to the seafloor and may 
be less likely to encounter concentrated prey than when 
traveling over shallower shelf waters.
Bowhead whales are occasionally known to feed in 
the western subregion during spring (Carroll et al., 1987; 
Lowry et al., 2004; Mocklin et al., 2012). Lowry et al. 
(2004) found that 34% (31 of 91) of whales sampled during 
the spring harvest at Utqiaġvik showed some evidence of 
feeding, and Mocklin et al. (2012) reported that 55% of 
aerial photos of whales near Point Barrow in May showed 
evidence of feeding near the seafloor (i.e., mud on their 
heads). However, the quantity of food in the stomach of 
whales sampled in spring tends to be much less than in 
autumn (Lowry et al., 2004) when their forestomachs are 
often full to capacity (North Slope Borough, unpubl. data). 
Tagged whales in our study rarely lingered during spring, 
suggesting that prey densities did not warrant pausing their 
migration to the Canadian Beaufort. Only a single whale 
exhibited lingering behavior during the spring migration, 
and this occurred in deep water. The few dive records 
available for this whale while it lingered showed that it 
spent considerable time at the surface (> 10 m), which could 
reflect feeding, resting, or be a response to ice conditions 
(Würsig and Clark, 1993). For one 6-hour period, this whale 
dove to depths of 100 – 250 m, where the Polar halocline 
separating Pacific Water from Atlantic Water in spring has 
been reported (Pickart, 2004). Because zooplankton prey 
may be concentrated by the halocline (e.g., Citta et al., 2013; 
Hauser et al., 2015; Stafford et al., 2016), this whale may 
have been feeding at this time. Hence, while whales are 
known to feed during the spring migration, it is likely that 
most often zooplankton densities have not yet developed 
to the extent sufficient to warrant whales pausing their 
migration long enough to be detected by satellite telemetry 
and our definition of lingering. Prey densities (euphausiids) 
tend to increase in the Alaskan Beaufort after the spring 
migration period (Berline et al., 2008).
Autumn Behavior
Compared to the spring migration, whales migrated 
slowly across the Alaskan Beaufort during the autumn 
migration, averaging ~19 days to traverse the region. In 
autumn, whales spent nearly double the amount of time 
in the eastern and central subregions than in spring and 
triple the amount of time in the western subregion than in 
spring (Table 1). Würsig et al. (2002) estimated from aerial 
surveys that whales spend ~4 days in the eastern subregion, 
similar to our satellite telemetry results. Mate et al. (2000) 
tracked the movements of an individual bowhead whale 
across the Alaskan Beaufort Sea and also found that whale 
spent ~4 days in the eastern subregion. This whale only 
spent ~3 – 4 days in the central subregion and ~3 days in the 
western subregion, which are shorter durations than most 
whales in our study spent in these subregions (Table 1). 
Additional estimates for duration spent in the central and 
western subregions by individual whales are not available. 
It is possible that the longer residence times we observed 
for each subregion during the autumn migration versus 
the spring migration are partly due to social interactions, 
however, social behavior is considered less common in 
autumn (Würsig and Clark, 1993). More likely, longer 
residence times reflect that whales are searching for food or 
feeding in addition to migrating.
FIG. 7. Bowhead whale tracks (light grey lines) and locations (circles, 19 whales) within 10 km of oil and gas leased areas (dark grey blocks) during the autumn 
migration in the Alaskan Beaufort Sea across all years (2006 – 18). 
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The dive data and the frequency of lingering behavior 
support the assumption that longer residence times 
during the autumn migration are associated with more 
feeding at that time. Most differences in dive patterns 
between behavioral states are likely not biologically 
significant, despite statistical significance. Rather, whales 
in our dataset maintained a dive behavior throughout the 
autumn migration consisting of frequent diving to the 
seafloor, irrespective of behavioral state. When on the 
shelf, whales consistently spent 45% of their time near the 
seafloor (Fig. 5) where their primary prey (copepods and 
euphausiids) are known to concentrate (Ashjian et al., 2010; 
Walkusz et al., 2012). Whales also engaged in more long 
duration dives in autumn than in spring (~34% versus ~15% 
of dives were > 18 min; Fig. 6). Longer duration dives at the 
seafloor may reflect feeding as bowhead whales must swim 
slowly when filtering zooplankton with mouths slightly 
open (Lowry, 1993). If whales are constantly searching for 
food near the seafloor, then dive behavior may be similar 
within each behavioral state, as we observed. The main 
difference will be that whales pause migration to feed when 
sufficient densities of prey are located (i.e., linger), which 
primarily occurred during the autumn migration in the 
western subregion (Table 3).
Diving to the seafloor throughout their autumn migration 
suggests that whales are continuously looking for food. 
This behavior is reasonable given the known patchiness 
of their zooplankton prey (Griffiths and Thomson, 2002). 
In the eastern and central subregions, dense aggregations 
of prey suitable for bowhead feeding occurs infrequently 
(Okkonen et al., 2018). Given the longevity of bowhead 
whales (George et al., 1999), which itself may be an 
adaptation to relatively low prey densities and intermittent 
feeding opportunities, it is reasonable to assume that a 
collective memory of these infrequent events motivates 
whales to continuously look for food while passing through 
the eastern and central subregions, despite good feeding 
opportunities being rare (i.e., those warranting pausing 
their migration). Data from analyses of stomach contents 
showed that over 75% of sampled stomachs from harvested 
whales at Kaktovik (eastern subregion) and Cross Island 
(central subregion) contained some prey items, suggesting 
that whales do find food in these areas (Lowry et al., 2004). 
Aerial surveys also suggest that feeding in the eastern and 
central subregions is patchy and ephemeral; where whales 
aggregated and the number of observations of whales 
feeding varied substantially year to year (Clarke et al., 
2018). One notable example of these rare feeding events 
occurred in August 2016 when more than 400 bowhead 
whales were observed feeding in Harrison Bay (in the 
central subregion) during aerial surveys (Clarke et al., 
2017b). Whales lingered in the autumn within the western 
subregion more frequently, because unlike the eastern and 
central subregions, prey (euphausiids) is more frequently 
concentrated into dense aggregations by a process of 
consistent upwelling winds followed by calm winds known 
as the “krill trap” (Ashjian et al., 2010; Citta et al., 2015; 
Okkonen et al., 2018). Consistent upwelling winds also 
drive copepods onto the shelf where they aggregate north 
of the Tuktoyaktuk Peninsula and west of Cape Bathurst in 
the Canadian Beaufort Sea (Walkusz et al., 2012), which are 
other bowhead whale hotspots (Citta et al., 2015; Harwood 
et al., 2017). Relative to these hotspots, the eastern and 
central subregions within the Alaskan Beaufort Sea appear 
to be less important feeding areas for the population of BCB 
whales, in part because average prey densities are probably 
lower (Griffiths and Thomson, 2002; Walkusz et al., 2012). 
Some whales (n = 7) also spent time in the Alaskan 
Beaufort during summer. All of these whales had migrated 
first to the Canadian Beaufort in spring before turning 
around and then reentering the Alaskan Beaufort for 
variable lengths of time in summer. We therefore consider 
it likely that whales observed north of Utqiaġvik in July 
arrived from the Canadian Beaufort rather than the Chukchi 
Sea. Interestingly, nearly all these whales then looped 
back to the Canadian Beaufort before migrating across the 
Alaskan Beaufort once more during the autumn migration.
Oil and gas leases in the Alaskan Beaufort are in areas 
used by bowhead whales during their autumn migration. 
Several whales passed through or within 10 km of lease 
blocks. Three whales lingered and were thus likely feeding 
near lease blocks for 1, 4, and 5 days (Fig. 7). It is also 
notable that the majority of whales appeared to migrate 
south of the lease blocks, between them and the barrier 
islands just west of Camden Bay, an area ~10 km wide 
(Fig. 7). 
Importance of the Alaskan Beaufort Sea
The Alaskan Beaufort Sea is clearly important for 
migrating bowhead whales. There are approximately 17 000 
BCB bowhead whales (Givens et al., 2016), the majority 
of which migrate through the Alaskan Beaufort Sea twice 
each year. Fewer than 1000 whales are thought to summer 
in the Chukchi Sea and not pass through the Alaskan 
Beaufort Sea (Melnikov and Zeh, 2007). Likewise, the 
Alaskan Beaufort Sea is clearly important for the whaling 
communities that rely on bowhead whales for subsistence 
(Stoker and Krupnik, 1993). 
Determining how important the Alaskan Beaufort Sea is 
as a feeding area for bowhead whales is much more difficult. 
That bowhead whales feed in the Alaskan Beaufort Sea is 
indisputable and although feeding may be less common 
during the spring migration, feeding during the autumn 
migration is well documented via aerial surveys (e.g., 
Würsig et al., 2002; Clarke et al., 2018) and by examination 
of stomach contents (Lowry and Burns, 1980; Lowry et al., 
2004). However, comparable data are incomplete across 
the remainder of the range and the occurrence of feeding is 
largely unknown away from whaling villages or outside the 
range of aerial surveys. Although isotope studies suggest 
feeding generally occurs year-round (e.g., Hoekstra et al., 
2002; Pomerleau et al., 2018), determining exactly where 
feeding occurs and to what extent are difficult.
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If we assume that longer residence times and more 
lingering behavior by satellite-tagged individuals are 
indicators of prey density and the level of feeding (and 
probably nutritional gain), then we would conclude that 
while feeding occurs within the Alaskan Beaufort Sea, 
much more feeding occurs elsewhere. For example, in 
spring, tagged bowhead whales (n = 22) spent an average 
of 52 days in a 200 km area surrounding Cape Bathurst in 
the Canadian Beaufort Sea, and 50% of location estimates 
in this area were classified as lingering. Near Serdtse-
Kamen on the Russian coast in the Chukchi Sea, tagged 
bowhead whales (n = 33) spent an average of 32 days in a 
200 km area during late fall and early winter. A third of 
those location estimates were classified as lingering. 
Although these areas are roughly equivalent in size to 
the subregions in the Alaskan Beaufort Sea, these mean 
residence times are ~8 – 12 times longer than autumn mean 
residence times for the eastern and central subregions, and 
~3 – 5 times longer than for the western subregion (Alaska 
Department of Fish and Game, unpubl. data). Although 
feeding occurs in the Alaskan Beaufort Sea, other regions, 
where more feeding appears to take place, likely contribute 
more to the annual energy budget of bowhead whales. In 
summary, no single definitive tool exists for determining 
the relative importance of feeding across the BCB range, 
however, the weight of evidence based on telemetry, aerial 
surveys, isotopic data, stomach examinations, commercial 
whaling records (Bockstoce et al., 2005), and low overall 
productivity of the Alaskan Beaufort Sea (Niebauer and 
Schell, 1993; Griffiths and Thomson 2002) supports the 
conclusion that the Alaskan Beaufort Sea is less important 
nutritionally than other regions of their range. Nonetheless, 
the region is extremely important as a bowhead migratory 
corridor and subsistence whaling area, making it difficult to 
rank its overall importance. 
CONCLUSION
In spring, the Alaskan Beaufort Sea was primarily 
a migratory corridor with little evidence of lingering 
(presumably feeding), for BCB bowhead whales in our 
study. Although whales were not likely feeding during this 
time, the need to cross this region to access summering 
grounds means it is of great importance to whales 
(Quakenbush et al., 2010). In autumn, the Alaska Beaufort 
Sea shelf was a migratory corridor in which whales 
sometimes paused migratory movements, presumably to 
feed. Behavior consistent with feeding was most common in 
the western subregion, near Utqiaġvik. During the autumn 
migration, bowhead whales engaged in long dives to the 
seafloor, behavior that suggests whales were consistently 
looking for prey as they migrated. In the central and eastern 
subregions, migrating whales rarely paused migrating long 
enough to be detected by satellite telemetry (likely ≥ 1 day 
in duration), suggesting that prey concentrations do not 
commonly warrant pausing migratory movements. 
The Arctic is in a period of rapid change with rising 
water temperatures (Wood et al., 2013) and declines in the 
extent of sea ice and the duration of ice coverage (Wang 
et al., 2018). It is reasonable to assume that how bowhead 
whales use the Alaskan Beaufort Sea will also change. 
Shifts in the timing of use of the Alaskan Beaufort by 
bowhead whales are already being detected from aerial 
surveys spanning four decades (Clarke et al., 2018). 
While we do not foresee the importance of the Alaskan 
Beaufort as a migratory corridor for bowhead whales and 
as a hunting ground for Alaska Natives diminishing, we 
expect that primary productivity and patterns of upwelling 
will change, in turn changing how frequently bowhead 
whales forage in the region. As such, the patterns we have 
documented may already be outdated.
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